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Circular RNAs (circRNAs), an abundant class of non-
coding RNAs in higher eukaryotes, are generated
from pre-mRNAs by circularization of adjacent
exons. Using a set of 15 circRNAs, we demonstrated
their cell-type-specific expression and circular ver-
sus linear processing in mammalian cells. Northern
blot analysis combined with RNase H cleavage
conclusively proved a circular configuration for two
examples, LPAR1 and HIPK3. To address the circu-
larization mechanism, we analyzed the sequence re-
quirements using minigenes derived from natural
circRNAs. Both canonical splice sites are required
for circularization, although they vary in flexibility
and potential use of cryptic sites. Surprisingly, we
found that no specific circRNA exon sequence is
necessary and that potential flanking intron struc-
tures canmodulate circularization efficiency. In com-
bination with splice inhibitor assays, our results
argue that the canonical spliceosomal machinery
functions in circRNA biogenesis, constituting an
alternative splicing mode.
INTRODUCTION
In 1976, Sa¨nger et al. (1976) discovered the first naturally occur-
ring circular RNAs (circRNAs), viroid RNAs. In the following
decades, examples of circRNAs were described in various bio-
logical systems, including Archaea (Kjems and Garrett, 1988;
Danan et al., 2012), mouse (the testis-determining SRY RNA)
(Capel et al., 1993), and human (cANRIL) (Burd et al., 2010).
More recently, systematic approaches based on RNA se-
quencing (RNA-seq) technology led to the surprising discovery
that circRNAs represent a class of noncoding RNAs (Hansen
et al., 2013; Memczak et al., 2013; Jeck et al., 2013; Glazar
et al., 2014). A large group of circRNAs are generated from pro-
tein-coding genes, releasing one exon or a combination of
several adjacent, spliced exons in circular form. How is circular-
ization achieved, how is circular versus linear splicing regulated,
and how are most circRNAs localized to the cytoplasm?
The most plausible mechanism for circularization is a variation
of the two-step splicing mechanism, sometimes called back-Csplicing (Jeck et al., 2013). In step one, the branch point (BP)
upstream of the circularizing exon would use its 20-hydroxyl
group to attack the downstream 50 splice site, yielding a
branched Y-structure intermediate. In the second step, the
newly generated 30-hydroxyl end of the circularizing exon would
attack the upstream 30 splice site, releasing a circular exon. How-
ever, alternative scenarios can be envisioned.
Regarding potential functions, two recent studies presented
experimental evidence that some circRNAs can act as miRNA
sponges (Hansen et al., 2013; Memczak et al., 2013). For
example, the human circRNA ciRS-7 (circular RNA sponge for
miR-7; Hansen et al., 2011) contains a cluster of more than 70
binding sites for miR-7, which are able to functionally inactivate
this miRNA. Furthermore, a study of the Drosophila mbnl1 gene
provided evidence that the RNA-binding protein Muscleblind
plays an autoregulatory role in the circularization of its own
pre-mRNA (Ashwal-Fluss et al., 2014). Whether the thousands
of circRNA species that have been identified by deep
sequencing exist in significant copy numbers and are function-
ally relevant remains an open question (Guo et al., 2014). It has
been speculated that circRNAs serve as delivery vehicles and
have functions in allosteric regulation, antisense activity, protein
sponge activity, and assembly of RNA-protein complexes (Hen-
tze and Preiss, 2013).
Here, we use a subset of human circRNAs to demonstrate cell-
type-specific expression and processing, conclusively demon-
strating the circular configuration of two exemplary circRNAs.
Furthermore, we analyze in detail the sequence requirements
for circRNA processing, in particular the role of the canonical
splice signals. Together, our results support the idea that the ca-
nonical spliceosomal machinery functions in circRNA biogen-
esis, and reveal circRNA splicing as a mode of alternative
splicing.
RESULTS
Cell-Type-Specific circRNA Biogenesis: Circular versus
Linear Splicing
To examine differential expression and circular versus linear
processing, we first selected a set of 15 relatively abundant
circRNAs based on available RNA-seq data for a human fibro-
blast cell line (Hs68) and identified by the number of circularized
exon junctions detected (Jeck et al., 2013; for details, see Ex-
perimental Procedures). We monitored the circRNA-chara-
cteristic splice junction and the ‘‘linear downstream’’ junctionell Reports 10, 103–111, January 6, 2015 ª2015 The Authors 103
Figure 1. Cell-Type-Specific Expression and
Processing of CircRNAs
(A) Schematic representation of two alternative
splicing modes: standard linear (top) versus circular
splicing (bottom). Note that in the circRNA, the two
splice sites of the light gray exon are joined (50/30
splice-site circ-junction). Arrows indicate the primer
pairs used to detect circular versus linear splice
forms.
(B) Cell-type specificity of circRNAprocessing. Total
RNA was prepared from three different human cell
lines (BJ-T, HEK293, and HeLa). For the 15 genes
indicated, both linear and circular splice forms were
detected byRT-PCRusing specific primer pairs (see
A for primer positions ‘‘linear downstream’’ and
‘‘circular’’). Below, the relative ratios of circular/
linear isoforms in these three cell lines are shown as
log2-fold differences, derived from real-time RT-
PCR measurements, normalized to b-actin (ND, not
detectable). For absolute quantitations (copy num-
ber per cell) of both isoforms for CAMSAP1 and
LPAR1 in HeLa and BJ-T cells, see Figure S1.
See also Table S1.by RT-PCR from total RNA, comparing three human cell lines:
BJ-T (a human fibroblast cell line), human embryonic kidney
293 (HEK293), and HeLa cells (Figure 1). Both semiquantitative
RT-PCR gel assays and real-time PCR data are shown.
Regarding circular versus linear isoforms, we observed very
different ratios, ranging from almost exclusively circular forms
(GSE1 in all three cell lines) to comparable circular/linear
forms (e.g., HIPK3 and CAMSAP1) and predominantly linear
forms (CORO1C and ASXL1). Focusing on cell-type specificity,
were observed drastic differences in circRNA generation. For
example, AFAP1, ASPH, and SH3PXD2A exhibit strikingly
different circular/linear ratios in these three cell lines. In addition,
we determined copy numbers per cell for both circular and linear
isoforms of CAMSAP1 and LPAR1, comparing HeLa and BJ-T
cells (Figure S1). The numbers for the circular versus the linear
splice isoforms differ between cell types (CAMSAP1: HeLa 25/
8, BJ-T 3/5; LPAR1: HeLa 0/1, BJ-T 53/71), confirming cell-
type specific expression and processing.
Direct Evidence for a Circular Configuration: Combined
RNase H/Northern Blot Analysis
Most of the previous studies on circRNAs relied on circular-spe-
cific splice junctions as detected either by RNA-seq sequence
reads or experimentally by RT-PCR with ‘‘outward primers.’’
However, since linear trans-spliced mRNA species would pro-
duce the same unusual junctions, it is essential to prove circularity
by other, structure-dependent means. Therefore, to conclusively
demonstrate the circular configuration of circRNAs, we used a
strategy that combinesRNaseH cleavage andNorthern blot anal-
ysis, and applied it to two circRNAs: LPAR1 (226 nt) and HIPK3
(1,099 nt; Figure 2).
We prepared total RNA from BJ-T and HeLa cells, followed by
RNase H cleavage, using either one antisense DNA oligonucle-
otide targeting a specific sequence in the circular exon (A or B
for LPAR1; C or D for HIPK3) or both of them in combination
(Figure 2, lanes 5–7 and 12–14). Additional controls were ob-104 Cell Reports 10, 103–111, January 6, 2015 ª2015 The Authorstained in the absence of RNase H or oligonucleotide as indi-
cated (lanes 1–4 and 8–11). We analyzed RNA by denaturing
PAGE and Northern blotting using digoxigenin (DIG)-labeled
riboprobes.
Both LPAR1 andHIPK3 probes detected a major band in each
case that migrated in the controls far above the corresponding
linear position (Figure 2, lanes 1–4 and 8–11). After RNase H
cleavage with either one of two oligonucleotides, this band dis-
appeared and instead a major band of the expected linear size
appeared (lanes 5, 6, 12, 13). This characteristic shift of gel
mobility from an aberrantly slow migration to the expected linear
behavior provides strong and direct evidence for the circular na-
ture of the major form of LPAR1 and HIPK3 RNAs. This is further
supported by the double RNase H cleavage with two antisense
oligonucleotides, which resulted in two linear fragments of ex-
pected sizes (lanes 7 and 14). In sum, in conjunction with the
circRNA-specific RT-PCR products (Figure 1) and their RNase
R resistance (Figure S2), these RNase H cleavage/Northern
blot assays conclusively demonstrate the circular configuration
of the LPAR1 and HIPK3 RNAs.
Mutational Analysis of Circular Splicing in a Three-Exon
Context (LPAR1): Required Canonical Splice Signals
To characterize the sequence, context, and structural require-
ments for circularization, we designed a three-exon minigene
derived from the natural and efficiently circularizing human
LPAR1 gene (Figure 3). We included both flanking exons so
that all possible splice processes (circularization, inclusion,
and skipping of the central exon) could occur, possibly in
competition with each other. In the 226 nt LPAR1 circle, exons
2 (78 nt) and 3 (148 nt) are spliced together. Our LPAR1minigene
contains parts of the two flanking exons (e1 and e4), shortened
flanking introns (323 and 325 nt, respectively, with >10 kb
deleted in themiddle of each of them), and the complete, spliced
exons 2 and 3. To be able to selectively detect circularization of
RNA from the transfected LPAR1 minigene by RT-PCR, we
Figure 2. Demonstration of Circular Config-
uration by RNase H Cleavage and Northern
Blot Analysis
Total RNA was prepared from BJ-T (left; LPAR1)
and HeLa cells (right; HIPK3), followed by RNase H
cleavage, using either a single antisense oligonu-
cleotide (AS-oligos; A, B,C, andD) or a combination
thereof (A+B, C+D). The experimental outline is
schematically shown below, including expected
fragment sizes after RNase H cleavage reactions
(sizes are approximate because the precise RNase
H cleavage sites within the target region cannot be
predicted). Additional controls were obtained in the
absence of RNase H or oligonucleotide as indi-
cated. RNA was analyzed by denaturing PAGE and
Northern blotting using DIG-labeled riboprobes.
The mobilities of circular and RNase H-linearized
species, as well as the cleavage fragments (ar-
rowheads), are indicated. Note that in this gel sys-
tem we did not detect endogenous linear isoforms,
which would not enter the gel. See also Figure S2.inserted a 24 nt tag sequence between exons 2 and 3 (for
sequence characteristics of these minigenes, see Figure S3).
We initially analyzed the splicing pattern of the wild-type
LPAR1 minigene based on transfection in HEK293 cells and
RT-PCR assays, and measured circularization (with outward
primers) and linear upstream and downstream splice junctions,
all of which are specific for the transfected minigene (Figure 3).
Themiddle exon could be detected both as a circle and included
in a linearly spliced isoform (Figure 3A, lane 1). As the mock
transfection control shows, there was no significant background
under these conditions from endogenous LPAR1 expression/
circularization (lane 17).
Based on this three-exon LPAR1 minigene, we studied how
mutations in the splice sites of the middle exon affect its
circularization.
We introduced two different mutations of the 30 splice site that
are predicted to inactivate or weaken it (i1_30ss_inactive and
i1_30ss_weak, respectively). Surprisingly, we observed differen-
tial effects on circular versus linear splicing. Circularization used
an upstream cryptic, noncanonical 30 splice site (30c2; see Fig-
ure 3B for splice-site mapping) in the first intron in combination
with a corresponding new cryptic 50 splice site (50c7). In contrast,
linear splicing activated a downstream cryptic, canonical 30
splice site (30c3) within the middle exon and still used the normal
50 splice site (Figure 3A, lanes 2 and 3). This suggests that the
middle exon is recognized differentially during circularization
versus linear splicing (see also Discussion).
Next, the 50 splice site of the middle exon was either inacti-
vated or weakened (i2_50ss_inactive and i2_50ss_weak, respec-
tively). Both mutations resulted in a complete switch from the
normal 50 splice site to a downstream cryptic 50 splice site
(50c8, canonical), as is evident from the sizes of the circular
and linear downstream RT-PCR products (Figure 3A, lanes 4Cell Reports 10, 103–11and 5), both of which are slightly larger
than those observed for the wild-type. In
addition, the 50ss-inactivating mutation
induced the same aberrant circle productobserved for the 30 splice-site mutations (see lane 4, cryptic non-
canonical sites 30c2 and 50c7).
If a conventional splicing mechanism operates in circRNA for-
mation, as postulated (see Introduction), the BP upstream of the
circularizing exon would be required. Therefore, we tested three
mutations: (1) i1_BP_15x_A > G, which inactivates all 15 pre-
dicted BPs in the 150 nt upstream of the circularizing exon by
A > G changes; (2) the more drastic mutation, i1_BP_all_A > G,
which changed 76 adenosine nucleotides in the entire intron 1;
and (3) a mutation with the BP region around position23A opti-
mized (i1_BP_optimal). Note that theremay bemore potential BP
adenosines remaining in vector-derived sequences (see also
Discussion). Surprisingly, the i1_BP_15x_A > G mutation still al-
lowed circularization (Figure 3A, lane 6), although with reduced
efficiency, aswell as linear upstream splicing, reflecting the char-
acteristic high flexibility of the mammalian splicing machinery
and the degenerate BP motif. However, the more extreme BP
mutation, i1_BP_all_A >G, abolished formation of the normal cir-
cle, indicating that a BP in the upstream intron is required for
circularization (lane 7). In this case, circularization proceeded
through joining of two cryptic splice sites within the middle
exon (30c4 and 50c6). As expected, upstream linear splicing
was also strongly affected by this mutation, but activated a
different cryptic 30 splice site (30c5). Optimizing the BP region
around position 23A (i1_BP_optimal; lane 8) did not alter the
splicing pattern, including exon circularization. The reduced
circularization efficiency may be due to altered competition by
linear splicing reactions.
Next, we tested the effect of reverse-complementary repeats
(RCRs) in the flanking introns on circularization. In the RCR
mutant, a 103 nt region of intron 2 (positions 21–123) was in-
serted in reverse-complementary orientation after position
164 of the first intron, which is within the tag sequence. As a1, January 6, 2015 ª2015 The Authors 105
Figure 3. CircRNA Processing: Mutational Analysis of Sequence Requirements in the Three-Exon Context of LPAR1
(A) To study sequence requirements for circularization, we transfected minigenes based on the LPAR1 gene (see B for schematics and the RT-PCR primer pairs)
transfected into HEK293 cells, followed by RT-PCR analysis of circular and linear (upstream/downstream) isoforms; b-actin served as a loading control (lanes
1–16). In addition, a mock transfection was done as a control (lane 17). Arrows next to PCR products indicate unspliced products as a result of some mutations.
(legend continued on next page)
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result, circularization efficiency improved, although not dramat-
ically (1.3-fold over wild-type efficiency). Concomitantly, we
observed a partial shift from inclusion to skipping (Figure 3A,
compare lanes 9 and 1; data not shown). This demonstrates
that the potential to form a stable secondary structure around
an exon can affect its circularization efficiency.
To determine whether the sequence of the circularizing exon
itself is important for circular splicing, we replaced it (except
for the first three and last three nucleotides) with an unrelated
sequence of similar length, taken from the coding region of the
human U1C gene (SNRPC exons 2–4; Figure 3A, lane 10). The
circExon_sub variant circularized with an efficiency comparable
to that of the wild-type LPAR1 minigene and produced linear
splice isoforms, indicating that the natural LPAR1 exon 2-3 re-
gion does not contain sequence elements that are essential for
its circularization.
Finally, we addressed the potential roles of the flanking exons
and the lengths of the regions surrounding the circularizing exon.
Weakening the 50 splice site of the upstream exon activated a
cryptic site (50c1), but did not change the circularization
(i1_50ss_weak; Figure 3A, lane 11). Similarly, when either the up-
stream exon (De1) or both the upstream and downstream exons
were completely deleted (De1De4), circularization of the middle
exon was not affected (lanes 12 and 13). Further deleting the
flanking intron sequences down to 20 nt from either the 50 or 30
side or from both sides (De1i1, Di2e4, and De1i1+Di2e4, respec-
tively; lanes 14–16) did not strongly change the circularization
efficiency in comparison with the wild-type construct (lane 1).
We conclude that circularization does not absolutely require
extended flanking sequences.
Circular Splicing in a Single-Exon Minimal Context
To further investigate mutational effects, and as an approach
complementary to the three-exon context of the LPAR1minigene,
we also used a minimal, single-exon minigene, CNTROB_RCR,
derived from the naturalCNTROB circRNA (Figure 4; for genomic
positions, see Table S1). In this minigene, we replaced almost all
of the natural CNTROB circularizing exon 13 with a similar-sized,
vector-derived sequence of 305 nt, keeping both the 30 and 50
splice site regions intact. The minigene contains 270 nt of the
upstream intron sequence, and downstream of the exon we in-
serted a 221 nt sequence representing the naturalCNTROB intron
12 sequence in the reverse-complement orientation (see arrows
in Figure 4B). Circularization was tested after transfection in
HeLa cells, based on RT-PCR with outward primers specific
for the exonic sequence. As a reference signal, we detected
total RNA levels expressed from the minigene, using an exon-
specific primer pair in RT-PCR. In addition, b-actin mRNA wasIn the case of downstream unspliced products, an additional circular isoform wi
aberrant trans-spliced products were previously observed by Hu et al. (2013). Belo
32P-labeled RT-PCR products and phosphorimager analysis (as ratios of normal
(B) Structures of LPAR1minigene derivatives and summary of their splicing pattern
introns are shown as boxes and lines, respectively; black elements indicate seque
derived sequences). Red and black arrows indicate RT-PCR primers for detectio
rivatives are shown (RCRs indicated by arrows). For more details on these mutatio
summarized. The splice sites used for circularization (red circles) or linear splicing
share the same splicing pattern. Both constitutive splice sites (thick vertical lines
their MaxEnt splice site scores; N/A, undefined junction due to short homologou
Cassayed as an internal standard. We detected efficient circu-
larization for the wild-type CNTROB_RCR minigene, which was
specific for the transfected construct (Figure 4A, compare lanes
1 and 2).
First, we tested three different CNTROB 30 splice-site muta-
tions, 30ss_inactive, 30ss_strong, and 30ss_weak, which are ex-
pected to inactivate, enhance, or decrease the respective
splice-site strengths (for sequence characteristics of all of the
CNTROB-derived minigenes, including MaxEntScan splice-site
scores, see Figure S3B). Clearly, inactivating the 30 splice site
reduced circularization to background levels, whereas the two
other mutations with enhanced or reduced scores had no strong
effects (Figure 4A, lanes 3–5).
Second, we tested three mutations of the CNTROB 50 splice
site, 50ss_inactive, 50ss_weak1, and 50ss_weak2, for their effects
on circularization. Circularization efficiencies were dramatically
reduced for all three (Figure 4A, lanes 6–8), with only minimal
normal circRNA product remaining for the 50ss_weak1 mutant.
Two very minor circular products appeared for all three mutants,
which reflect the use of an alternative, cryptic 50 splice site at po-
sition +39 (50c4, canonical; see Figure 4B for splice-site map-
ping) or the combination of two noncanonical cryptic splice sites
(30c2 and 50c3).
Third, we assayed two different polypyrimidine tract (PPT) mu-
tations (PPT_mut1 and PPT_mut2) and a BPmutation (DBP; Fig-
ure 4A, lanes 9–11). In the case of DBP, the expected BP should
be eliminated by a single-nucleotide substitution,29A > G. The
PPT_mut1 mutation, with a moderately reduced 30 splice-site
score, still allowed low levels of circRNA to be expressed,
whereas the more drastic PPT_mut2 mutation, with a very low
score, did not yield any detectable circRNA, demonstrating the
requirement of a functional pyrimidine tract for circularization.
In contrast, the BP mutation had no significant effect, as shown
by the LPAR1 mutational analysis (see above).
Fourth, we studied the influence of potential stable secondary
structures in the flanking introns in this minimal context
of CNTROB_RCR (Figure 4A, lanes 12–14). Both deleting
(D30repeat) and substituting (30repeat_sub) the RCR in the
downstream intron strongly reduced circularization (to 10%
of wild-type levels). Restoring complementarity by compensa-
tory substitution (insertion of the 30-substitution sequence in
reverse-complement orientation in the upstream intron) in-
creased circularization (to 50%), although not to the full wild-
type level. Taken together, these results indicate that an
extended stable secondary structure around the circularizing
exon is not absolutely required, but the efficiency of circulariza-
tion can be positively modulated by such potential structures in
the flanking introns.th a trans-spliced, vector-derived ampicillin sequence was observed (*); such
w the respective lanes, circularization efficiencies are given based on low-cycle
circular isoform to total transcript levels relative to wild-type).
s. At the top, thewild-type LPAR1minigene is shown schematically (exons and
nces derived from the natural gene; and gray elements indicate tag- or vector-
n of circular and linear isoforms, respectively. At the bottom, the deletion de-
ns, see Figure S3A. In the middle, the splice patterns of all LPAR1mutants are
(black squares) are marked for eachmutant. Note that mutants in the same row
) and cryptic splice sites (thin vertical lines, listed below as ‘‘50/30c#,’’ including
s sequences; see Discussion).
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Figure 4. CircRNA Processing: Mutational Analysis of Sequence Requirements in the Single-Exon Context of CNTROB_RCR
(A) CNTROB_RCR minigenes were transfected into HeLa cells, followed by RT-PCR analysis of the circular isoform and total transcript levels (lanes 2–14; see B
for schematics and the RT-PCR primer pairs). In addition, a mock transfection was done as a control (lane 1) and b-actin levels were measured. Below the
respective lanes, circularization efficiencies are given as described in Figure 3A.
(B) Structures of CNTROB_RCR minigene derivatives and a summary of their splicing patterns (schematics as described in Figure 3B). In the CNTROB_RCR
minigene, the circularizing exon is replaced by a nonspecific sequence, and an upstream intronic region (221 nt) is added in reverse-complementary orientation
downstream of the circ-exon. For more details, see Figure S3B.Spliceosome Assembly Involved in Circular Splicing
To obtain further insight into themechanism of and requirements
for circRNA splicing, we applied a splicing inhibitor, isoginkge-
tin, which blocks spliceosome assembly at the stage of U4/
U5/U6-tri-snRNP addition (O’Brien et al., 2008). HeLa cells
were treated with isoginkgetin for 24 hr, followed by purification
of newly synthesized RNA (see Experimental Procedures for de-
tails). Considering the proposed low turnover of circRNAs, the
latter step should facilitate detection of any inhibition effects.
Using semiquantitative RT-PCR, we assayed both circular
and linear downstream splice junctions for two endogenous108 Cell Reports 10, 103–111, January 6, 2015 ª2015 The AuthorscircRNAs HIPK3 and CAMSAP1, comparing preexisting and
newly synthesized RNA with and without isoginkgetin treatment,
and using U1 small nuclear RNA (snRNA) as an internal control
(Figure 5). For both of these circRNAs, nascent levels dramati-
cally decreased after isoginkgetin treatment, an effect that
was barely detectable in the preexisting pool of RNA, reflecting
the high stability of the circRNAs. As expected, linear splicing of
both HIPK3 and CAMSAP1 was also strongly affected by the
inhibitor. Together, these results provide evidence that circRNA
generation requires spliceosome assembly, in particular the tri-
snRNP addition step.
Figure 5. Effects of the Splice Inhibitor Isoginkgetin on the Circularization of Endogenous HIPK3 and CAMSAP1 circRNAs
HeLa cells were treated for 24 hr with isoginkgetin to inhibit splicing, or mock treated (± IGG), followed by purification of nascent (nascent) and preexisting (pre)
RNA (see the Experimental Procedures). Both circular and linear isoforms of HIPK3 and CAMSAP1 were detected by RT-PCR and specific primers as indicated.
As a splicing-independent input control, U1 snRNA was assayed in the same fractions.DISCUSSION
Here, we used two circRNAs (LPAR1 andHIPK3) selected from a
set of 15 abundant circRNAs (Figure 1) to conclusively demon-
strate their circularity based on Northern blot analysis in combi-
nation with oligonucleotide-directed, single and double RNase H
cleavage (Figure 2). Northern blot detection by itself would not be
definitive, since the gel mobility of circRNA species depends on
the gel type (matrix material and crosslinking), circle size, and
likely the RNA structure, and therefore cannot be predicted.
Obviously, the Northern blot/RNase H approach cannot be
used for screening large numbers of candidate circRNAs, but
for specific cases of special interest, we consider it essential to
prove circular configuration, since RT-PCR assays and circu-
lar-junction sequence reads do not rule out nonconventional,
linear trans-splicing events. Also, RNase R, which is sometimes
applied in combination with RT-PCR assays or RNA-seq, does
not absolutely differentiate between circular and linear RNAs,
since when used in excess it can also digest large circRNAs,
and highly structured linear RNAs may be RNase R resistant.
To directly address the mechanism of circRNA biogenesis, we
performed a thorough mutational analysis using two different
minigenes: a three-exon LPAR1-derived minigene and a mini-
malistic, single-exon minigene based on the CNTROB circRNA
(Figures 3 and 4). How do the effects of mutations on circulariza-
tion in the two minigene contexts compare, and what are our
most important conclusions?
Regarding the circularizing exon itself, there apparently is no
strict and essential sequence requirement, as confirmed by de-
rivatives from both minigenes (for LPAR1, see Figure 3A, lanes 1
and 10; data for CNTROB_RCR not shown).
Are RCRs in the flanking introns necessary for exon circulari-
zation? For the classical case of the SRY circRNA, such repeat
sequences flanking the SRY exon were shown to be necessary
for circularization (Capel et al., 1993; Dubin et al., 1995; Pasman
et al., 1996). Consistent with this, a genome-wide surveys of hu-
man circRNAs by Jeck et al. (2013) and Ivanov et al. (2014) re-
vealed an enrichment of complementary Alu sequences in the
long flanking introns around a circularizing exon. On this basis,
RCR sequences were also introduced into the initial circRNA
expression constructs (for example, see Hansen et al., 2013).
In addition, two recent mutational analyses emphasized the
requirement of complementary short regions in the flanking in-
trons for efficient circularization, based on minigene approaches
(Zhang et al., 2014; Liang and Wilusz, 2014). Regarding the twoCgenes with circularizing exons (LPAR1 and CNTROB) we used
for the minigene analysis, the natural LPAR1 flanking introns
(64 kb and 30 kb, respectively) do not contain extended
RCRs (R20 continuous base pairs) within 7 kb on either side of
the circularizing exon, and the entire natural CNTROB flanking
introns (1.1 and 1.6 kb, respectively) do not contain any
such RCR elements (data not shown). In spite of this, we incor-
porated such potential structural elements into the flanking in-
trons of our LPAR1 and CNTROB_RCR minigenes. However, a
subsequent mutational analysis in both minigenes revealed
that these RCRs are not essential, although their base-pairing
potential can positively affect circularization efficiency (for
LPAR1, see Figure 3A, lanes 1 and 9; for CNTROB_RCR, see
the effects of RCR deletion, substitution, and compensatory
addition in Figure 4A, lanes 2 and 12–14). The notion that RCR
structures are not essential in general is further supported by
our finding that deleting most of the upstream or downstream
introns, or even both of them together, still allowed circulariza-
tion to occur (see Figure 3A, lanes 12–16, for LPAR1). Taken
together, these results suggest that whether extended reverse-
complementary elements are strictly required for circularization
appears to be context dependent; in some cases, other struc-
tural principles, such as intrinsic RNA folding or (possibly) pro-
tein-mediated intron interactions, may be sufficient.
The mutational analysis of the splice-site signals in the two
minigenes provided complementary and consistent information.
First, both the 30 and 50 splice sites of the circularizing exon are
essential for circRNA generation. However, there is a high level
of tolerance to mutations, a feature that is characteristic of
splicing mechanisms in higher eukaryotes. We observed and
mapped several cases of cryptic splice-site activation resulting
in aberrant RNA circles (Figures 3 and 4). Of particular interest,
we found cases of differential effects of mutations on circular
versus linear splicing (see the Results and Figure 3), indicating
different modes of recognition of themiddle exon during circular-
ization and linear splicing.
Surprisingly, we found several cases in which noncanonical
splice sites were activated after mutation (for example, see the
effects of i1_30ss_inactive, i1_30ss_weak, i2_50ss_inactive, and
i1_BP_all_A > G in the LPAR1mutant minigenes; Figure 3). Strik-
ingly, a pair of noncanonical cryptic splice sites (30c2 and 50c7)
appeared as a result of several different mutations affecting
either 30 or 50 splice sites. This may reflect a specific mutant
RNA structure in which these two cryptic splice sites are in close
proximity to each other and become activated for exonell Reports 10, 103–111, January 6, 2015 ª2015 The Authors 109
circularization. For most of these noncanonical sites, the splice
junctions are within short direct repeats (CTGT or CCATCC),
and such short homologous sequences were previously recog-
nized as a characteristic feature of many chimeric RNAs (Li
et al., 2009; Houseley and Tollervey, 2010). Two aspects strongly
argue against the notion that these noncanonical splice junctions
are artifacts: first, they were obtained with different reverse
transcriptase enzymes; second, even in vitro circularization re-
actions with minigene constructs also yielded products with
noncanonical splice junctions—importantly, in an ATP-depen-
dent manner, supporting their generation in a splicing-depen-
dent mechanism (data not shown). Note that these unusual
splice junctions were cryptic, i.e., they were used only after
the canonical splice sites were abolished, perhaps reflecting a
relaxed specificity of the spliceosome.
We also addressed whether circularization requires BP and
PPT elements. The essential importance of a functional PPT
was clearly demonstrated for the CNTROB_RCR minigene (Fig-
ure 4A, lanes 9 and 10). The role of the BPprovedmore difficult to
show, most likely due to its characteristic degenerate motif and
high flexibility. Inactivating the putative BP by a single-point mu-
tation (CNTROB_RCR DBP; Figure 4A, lane 11) or even deleting
all predicted potential BPs in the 150 nt upstream of the 30 splice
site (LPAR1 i1_BP_15x_A > G; Figure 3A, lane 6) still allowed
circularization as well as linear splicing. Only the most drastic
mutation, substituting all adenosines within the entire 300 nt
upstream intron, abolished both circularization and normal linear
splicing (LPAR1 i1_BP_all_A > G; Figure 3A, lane 7). We note
that, in all of these transcripts, there was still some vector
sequence left, including the CMV transcription initiation region,
which may contain more potential cryptic BPs. Our results sup-
port the notion that a BP in the upstream intron participates in
circularization, although its position relative to the 30 splice site
and BP appears to be highly flexible.
Finally, we obtained additional evidence for a spliceosome-
type circRNA biogenesis mechanism (Figure 5). The drastic ef-
fect of isoginkgetin, an inhibitor of tri-snRNP addition, on the
formation of natural circRNAs directly argues for the involvement
of a spliceosome complex, most likely during assembly of an
exon-definition complex. This is also confirmed by the fact that
single-exon minigenes, such as CNTROB_RCR or LPAR1 dele-
tion mutants, efficiently circularize. Consistent with this model,
our mutational analysis provides clear evidence for differential
recognition of the circularizing exon, as shown by the activation
of different cryptic splice sites during circular versus linear
splicing (see above).EXPERIMENTAL PROCEDURES
CircRNA Prediction from RNA-Seq Data
To detect putative circRNAs, we used RNA-seq data obtained from a human
fibroblast cell line (Hs68), based on ribosomal-RNA-depleted and RNase
R-treated total RNA (Jeck et al., 2013). Sequence reads (paired end, 100 bp)
were aligned to the human genome sequence (hg19) using STAR, an ultrafast
universal RNA-seq aligner with chimeric alignment options (Dobin et al., 2013).
Chimeric mapped reads were selected for circular (‘‘back-spliced’’) junctions if
the sequence readsmapped to one chromosome at the same strand, while the
two sequence segments mapped to the genomic region with reverse order.
CircRNA abundance was predicted on the basis of circular junction read110 Cell Reports 10, 103–111, January 6, 2015 ª2015 The Authorscounts. For genomic circRNA positions, see Table S1; for oligonucleotide se-
quences, see Table S2.
Northern Blot and RNase H Assays
For Northern blot and RNase H assays, 10 mg of total RNA from BJ-T (LPAR1)
or HeLa (HIPK3) cells was incubated with 2 mg of antisense oligonucleotide in
13 RNase H buffer at 37C for 20 min. RNase H (10 U; New England Biolabs)
was added, followed by incubation for an additional 40 min and RNA
purification.
RNA was separated by denaturing polyacrylamide/urea gel electrophoresis
(8% PAA, LPAR1; 6% PAA, HIPK3) using the DIG-labeled DNA molecular
weight marker VIII (Roche). The gel was equilibrated in 0.53 Tris borate
EDTA and transferred onto a nylon membrane by semidry blotting. RNA was
crosslinked by UV light and probed with single-stranded RNA probe (DIG
RNA Labeling Mix; Roche). The probes covered the full length of the circular-
ized sequences. Hybridization was performed in Church buffer, and washes of
the blot and probe detection with alkaline phosphatase-conjugated anti-DIG-
Fab fragments were done as described in the Roche manual.
RNase R Treatment
HeLa total RNA (10 mg) was treated with or without 2.5 U RNase R (Epicentre)
for 3 hr at 37C. RNA was phenolized, precipitated, and resuspended in 10 ml
H2O, and 1 ml was used for RT-PCR as described below (Figure S2).
Minigenes and Mutational Analysis of circRNA Generation
Minigenes for LPAR1 (three-exon context) and CNTROB (single-exon context)
were generated by PCR, two-step PCR, or annealing of oligonucleotides, or
from GeneArt Strings DNA fragments (Life Technologies), followed by cloning
in the mammalian expression vector pCDNA3 (Invitrogen). For details
regarding the mutant derivatives, see Figures 3B, 4B, and S3. Splice-site
and BP scores were determined with the use of the MaxEntScan and SVM-
BPfinder programs (Yeo and Burge, 2004; Corvelo et al., 2010). For minigene
transfection, TurboFect Transfection Reagent (Thermo Scientific) was used
according to the manufacturer’s instructions. Transfected cells (HEK293 for
LPAR1; HeLa for CNTROB_RCR) were cultured for 14–18 hr before harvesting,
followed by RT-PCR assays (see below).
RT-PCR Assays
Total RNA was extracted using TRIzol (Ambion) and the RNeasy Mini Kit
(QIAGEN). We used 1 mg of total RNA for cDNA synthesis using the iScript
cDNA Synthesis Kit (Bio-Rad). Primers were designed to cross the circular-
specific junction (circular) or the downstream intron (linear downstream) (Fig-
ures 1 and 5). For the mutational analysis (Figures 3 and 4), the primers were
specific for the circular junction (circular, LPAR1 and CNTROB minigenes) or
the upstream and downstream linear splice junctions (LPAR1 minigenes),
or for a region within the circularized exon (total transcript, CNTROB mini-
genes). PCR products were analyzed by 2% agarose gel electrophoresis.
For splice-site analysis and mapping, PCR products were gel purified and
sequenced.
Real-time PCR (Figure 1) was carried out using PerfeCTa SYBR Green Fast-
Mix (Quanta) on an Eppendorf realplex2 thermocycler. The relative expression
level of circular versus linear isoforms was normalized to b-actin, calculated by
the DDCt-based method (Pfaffl, 2001), and presented as the log2-fold differ-
ence in circRNA expression.
To determine the copy numbers of circRNAs per cell (Figure S1), BJ-T and
HeLa total RNA was isolated from a defined number of cells using TRIzol (Am-
bion) and the RNeasy Mini Kit (QIAGEN). Total RNA (1 mg) was reverse tran-
scribed by qScript Flex reverse transcriptase (Quanta) using gene-specific
primers designed to detect circular, linear, or total RNA, followed by real-
time PCR carried out in triplicate as described above. As quantitative stan-
dards, we used transcripts that contained the respective circular-specific
junction, linear-exon junction, or single-exon RNA. cDNA was synthesized
using a gene-specific primer containing a T7 RNA polymerase promoter, fol-
lowed by in vitro transcription (T7 High Yield RNA Synthesis Kit; New England
Biolabs). Then, 10 ng of the transcript was primed by a gene-specific primer
and reverse transcribed (see above). Based on that, a standard curve (7-point
10-fold dilutions) was derived to determine absolute quantities. Standard
curve R2 values were >0.99 and the slope was between 3.207 and 3.432.
To estimate circularization efficiencies (Figures 3A and 4A), low-cycle PCR
with a 32P-labeled reverse primer was performed. PCR products were sepa-
rated by denaturing 8% PAGE, dried, visualized by autoradiography, and
quantified by phosphorimager analysis (Personal Molecular Imager FX Sys-
tem; BioRad Quantity One software). The efficiency of circularization was
calculated as the ratio of circular isoform to total transcript level, relative to
the normal circular isoform of the wild-type.
Isoginkgetin Treatment and Nascent RNA Purification
Splicing inhibition by isoginkgetin treatment was performed in HeLa cells for
24 hr as previously described (O’Brien et al., 2008) using isoginkgetin (EMD
Millipore) at a final concentration of 33 mM or, as a control, DMSO. For purifi-
cation of newly synthesized RNA, cells were labeled with 200 mM 4-thiouridine
(Sigma) for 2 hr prior to harvesting (Do¨lken et al., 2008). Purified nascent RNA
and supernatant RNA (the latter representing steady-state [preexisting] RNA)
were reverse transcribed (qScript cDNA Synthesis Kit; Quanta), followed by
standard PCR (see above).
SUPPLEMENTAL INFORMATION
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